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The ability to detect pathogens is arguably the single most
important task undertaken by the immune system. Appropri-
ate recognition of invasive microbes is critical for mounting an
immune response that can effectively combat the invading or-
ganism. A comprehensive understanding of the requirements
for pathogen recognition is necessary for the development of
efficacious vaccines and effective therapeutics. Toward this
end, a tremendous investment has been made in determining
how the adaptive immune system (B and T cells) distinguishes
invading pathogens from host cells and tissues. These efforts
have yielded remarkable models that describe how the immune
system responds to the myriad of challenges it faces and pro-
vide a framework into which future discoveries can be incor-
porated. Recently, however, some of this focus has been redi-
rected to understanding how pathogens are initially recognized
by the host innate immune system and how these events con-
tribute to and coordinate with the adaptive immune response.

Detection of pathogens by the innate immune system is
carried out by a class of immune-sensor molecules termed
pattern recognition receptors, or PRRs. Several different
classes of PRRs have been identified, each detecting microbes
or microbial components and initiating responses that program
antipathogen gene expression profiles and promote adaptive
immune responses (28). The Toll-like receptors (TLRs) are a
class of PRRs that detect an increasingly broad range of patho-
gens (74). While the majority of the work on TLRs has focused
on detection of bacteria, it is becoming increasingly apparent
that viruses are also subject to innate sensing by TLRs. An
indicator of the importance of any host antiviral strategy is the
ability of viruses to counteract that particular arm of the host
defense. Two vaccinia virus genes, A46R and A52R, have been
implicated as negative regulators of TLR signaling, indicating
that TLR responses pose a realistic threat to viruses (11a, 29a).
This review will focus on the state of our knowledge of TLRs’
role in immune responses to viruses.

TLR STRUCTURE AND SIGNALING

The TLRs are a series of germ line-encoded molecules that
were initially identified based on homology with the Toll re-
ceptor from Drosophila (58, 67). Drosophila Toll is essential for
dorsoventral patterning during fly embryogenesis (72) and was

more recently recognized as a critical component of the fly
immune response to fungal pathogens (52). Each member of
the TLR family has similar structural characteristics. TLRs are
type 1 transmembrane proteins with a single membrane-span-
ning domain. Their ectodomains are composed of various
numbers of leucine-rich repeats (LRRs) which are hypothe-
sized to directly interact with microbes or microbial compo-
nents. The cytoplasmic tail of TLRs consists of a conserved
domain similar to the intracellular region of Drosophila Toll
and the interleukin 1 receptor (IL-1R). The Toll/IL-1R (TIR)
domain is responsible for initiating intracellular signals.

To date, 11 TLRs have been identified in humans (12 have
been identified in mice), and they are expressed predominantly
on cell types that are likely to be the first to encounter antigen
(17, 18, 23, 58, 67, 75, 82). Phagocytic cells such as macro-
phages, neutrophils, and dendritic cells exhibit the broadest
repertoire and express the highest levels of TLRs (39, 81);
however, TLR expression is not restricted to these cell types.
Although TLR expression patterns and levels in most cell and
tissue types are still being defined, it appears that the majority
of cells in the body express at least a subset of TLRs. TLRs are
predominantly expressed on the cell surface; however, a subset
(TLR7, TLR8, TLR9, and in some cases TLR3) are retained in
intracellular compartments. The cellular location of TLRs
combined with their tissue expression patterns appropriately
positions them to interact with pathogens that are encountered
by the host.

A significant portion of TLR biology has been elucidated by
studying TLR4, the receptor for bacterial lipopolysaccharide
(LPS). LPS was initially shown to interact directly with two
proteins, the LPS binding protein (LBP) and CD14 (69, 76).
LBP is a serum protein that binds directly to LPS and mediates
its transfer to CD14, which exists either in a soluble form or as
a glycosylphosphatidylinositol (GPI)-linked protein (31). Be-
cause both of these proteins lack a cytoplasmic component
through which signaling responses can be initiated, it was hy-
pothesized that these molecules required the assistance of an
additional receptor. The missing component of the LPS rec-
ognition complex was identified when analysis of LPS hypore-
sponsive C3H/HeJ and C57BL/10ScCr mouse strains revealed
mutations in the Tlr4 gene (64, 65). Subsequently, studies of
these mice have been instrumental in examining the role of
TLR4 responses in vivo for a variety of pathogens, including
viruses.

The primary consequences of TLR activation are NF-�B
activation, cytokine secretion (Fig. 1), and expression of co-
stimulatory molecules, such as the class II major histocompat-
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ibility complex and CD86 (74). Together, these responses help
promote and shape the critical immunological processes that
facilitate pathogen control and clearance. TLR responses are
initiated by ligand-induced multimerization, and receptor clus-
tering leads to the recruitment of different combinations of
primary adaptor molecules, depending upon the TLR involved
(Fig. 1). The majority of the adaptor molecules identified to
date contain a TIR domain (1, 10, 13, 25, 38, 46, 53, 61, 62, 78,
79). Consequently, TLR-adaptor interactions are mediated by
homotypic associations between TIR domains on the receptor
and the adaptor. The ability to utilize different combinations of
adaptors allows several different signaling pathways to be ini-
tiated. The core TLR signaling pathway utilizes myeloid dif-
ferentiation factor 88 (MyD88) as the primary adaptor and
results in NF-�B and mitogen-activated protein kinase
(MAPK) activation and secretion of a core panel of cytokines
(3). Although most TLRs utilize the MyD88-dependent path-
way, a subset of TLR responses remains intact in mice with a
targeted deletion of the MyD88 gene (43–47), which indicates
that additional signaling pathways are activated by TLRs and
result in these responses. The MyD88-independent pathway
actually encompasses a number of different signaling networks
that employ a variety of primary adaptors in combination with,
or independent of, MyD88. The activity of these pathways
leads to dendritic cell maturation, expression of costimulatory
molecules, and alpha/beta interferon (IFN-�/�) secretion (26,
44, 45, 77–79). The MyD88-independent pathways also present
a mechanism by which the TLR system may tailor distinct
responses for different types of pathogens. The use of different

adaptors by individual TLRs allows for unique responses for a
given receptor. Since a comprehensive panel of adaptors used
by each TLR has not been defined, a detailed map of the
intracellular signaling response initiated by TLRs has yet to be
charted.

In addition to the MyD88-dependent and -independent
pathways, TLRs interact with a number of additional cell-
signaling networks. Both TLR2 and TLR4 induce phosphati-
dylinositol (PI) 3-kinase activity (6, 59), and TLR2 and TLR3
have been linked to the apoptotic pathway (5, 40). It is not yet
known how these additional networks coordinate with the
MyD88-dependent and -independent pathways described
above. A comprehensive discussion of TLR signaling is beyond
the scope of this report; however, a number of excellent re-
views are available concerning different aspects of TLR signal-
ing and adaptor usage (3, 36, 60, 74).

MOLECULAR BASIS OF TLR ACTIVATION

Similar to the adaptive immune system, the innate immune
system possesses the ability to distinguish foreign structures
from those of the host organism. TLRs detect pathogens on
the basis of motifs termed pathogen-associated molecular
patterns (PAMPs) displayed on the invading organism. Bacte-
rial products such as LPS (TLR4), peptidoglycan (TLR2), and
deoxycytidylate phosphate deoxyguanylate (CpG) DNA
(TLR9) are examples of structures that are subject to recog-
nition by TLRs. With respect to viruses, four classes of PAMPs
have emerged to date: double-stranded RNA (dsRNA), CpG

FIG. 1. Schematic of TLR signaling pathways. TLR2 (in combination with TLR1 or TLR6) and TLR4 utilize MyD88 and TIRAP/MAL as
primary adaptors to activate NF-�B and inflammatory cytokine secretion. Also, TLR4 uses TRIF and the TRIF-related adaptor molecule (TRAM)
to activate IRF3 and the IFN pathway. TLRs 3, 7, 8, and 9 typically localize to endocytic compartments, where they detect a variety of nucleic acids
and activate the IFN pathway. TLR3 utilizes TRIF, but not TRAM, to activate IRF3. TLRs 7, 8, and 9 trigger inflammatory cytokine secretion
and the IFN pathway through MyD88. Other than MyD88, the signaling intermediates utilized by TLRs 7, 8, and 9 to activate IFN responses
remain undefined.
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DNA, single-stranded RNA (ssRNA), and envelope glycopro-
teins. This list is likely to expand as more viruses are demon-
strated to activate TLRs. Each of these will be discussed in
greater detail below. A list of viruses detected by TLRs is
presented in Table 1.

Recognition of dsRNA. It is now well appreciated from the
work of numerous laboratories that dsRNA, along with its
synthetic analog, polyinosine-poly(C) (poly I:C), is a potent
inducer of IFN responses. It was recently demonstrated that
TLR3 is a cellular receptor that recognizes dsRNA and ini-
tiates these responses (4). dsRNA is a replication intermediate
for RNA viruses, and lysis of virus-infected cells is hypothe-
sized to release dsRNA that can be detected by TLR3 mole-
cules expressed on neighboring cells. Interestingly, cells such as
fibroblasts express TLR3 on the cell surface; however, in cer-
tain dendritic cells, TLR3 expression is restricted to intracel-
lular compartments (56, 57). Activation of TLR3 and the sub-
sequent secretion of IFN-�/� help to establish a localized
antiviral state that limits viral replication at the site of infec-
tion.

TLR3-mediated responses are unique among TLR family
members because activation of TLR3 elicits lower levels of
inflammatory cytokines than other TLRs. However, TLR3 ac-
tivation induces very robust secretion of IFN-� as well as
expression of costimulatory molecules (4). Each of these ac-
tivities is retained in MyD88�/� mice, suggesting that TLR3
does not require the MyD88-dependent pathway (37). Recent
studies have revealed that TLR3 signals through a unique
adaptor molecule, TIR domain-containing adaptor-inducing
IFN-� (TRIF), also known as TIR-containing adaptor mole-
cule-1 (TICAM-1), in place of MyD88 (Fig. 1) (61, 77).
Through TRIF/TICAM-1, TLR3 activates NF-�B and IFN
regulatory factor 3 (IRF3), a key regulatory transcription fac-
tor for cellular antiviral responses, including IFN-� secretion.
The molecular basis for the TRIF/TICAM-1 preference exhib-

ited by TLR3 is likely due to the presence of an alanine residue
within a key region of the cytoplasmic domain of TLR3. All
other TLRs contain a proline residue at this position and
utilize MyD88.

Recognition of CpG DNA. TLR9 was originally identified as
the receptor for unmethylated bacterial CpG DNA (8, 35).
Recently, herpes simplex virus type 1 (HSV-1), HSV-2, and
murine cytomegalovirus (MCMV), all of which contain ge-
nomes rich in CpG DNA motifs, were shown to activate in-
flammatory cytokine and IFN-� secretion via TLR9 (48, 54,
73). An important aspect of TLR9 biology is that its activation
is inhibited by the addition of chloroquine, which prevents
acidification of endosomes (2, 29). The current model of TLR9
activation is that in which virus particles are taken up by cells
and subsequently degraded within endocytic vesicles, exposing
the viral genome which can activate TLR9 (Fig. 1). Intrigu-
ingly, TLR9-mediated IFN-� secretion in response to HSV-1,
HSV-2, and MCMV occurs in a MyD88-dependent manner
(48, 54, 73), which is in direct contrast to IFN responses me-
diated by other TLRs, which induce IFN-�/� secretion through
MyD88-independent pathways. Furthermore, the TLR9-medi-
ated IFN-� response to HSV-1 and HSV-2 may be limited to
plasmacytoid dendritic cells (pDCs), a dendritic cell subpopu-
lation characterized by their ability to secrete high levels of
IFN in response to viral infection (7, 15, 20, 21, 24, 27, 63, 68,
70). Murine dendritic cell subsets distinct from pDCs do not
secrete IFN-� in response to HSV-1 or HSV-2, indicating that
this cell type may be specifically designed to combat viruses
(48, 54).

Recognition of ssRNA. Imidazoquinolines and specific gua-
nine nucleoside analogs are potent antiviral compounds that
activate TLR7 and TLR8 (32, 34, 42, 51). Recently, the PAMP
for TLR7 and TLR8 was identified as ssRNA. Like TLR9,
TLR7 and TLR8 require endosome acidification for proper
activity and induce IFN-� production in a MyD88-dependent
manner. Thus, these three TLRs utilize similar mechanisms of
action to recognize and respond to distinct nucleic acid targets
(22, 32). Indeed, TLR7, TLR8, and TLR9 are believed to have
evolved from one another, and these similarities support the
hypothesis that they comprise a distinct TLR subfamily (18,
23). Influenza A virus, vesicular stomatitis virus (VSV), and
human immunodeficiency virus type 1 (HIV) have recently
been implicated as subjects of TLR7 surveillance (22, 33, 55).
Purified influenza virus genomic RNA elicits IFN-� from wild-
type but not from TLR7�/� mouse dendritic cells (22). GU-
rich synthetic oligonucleotides derived from the U5 region of
HIV-1 RNA stimulate costimulatory molecule expression as
well as inflammatory cytokine and IFN-� secretion in a TLR7-
dependent manner (33). Furthermore, poly(U) but not
poly(A), poly(C), poly(G), or poly(I) compounds activate
TLR7. Together, these data suggest that a simple RNA motif
is recognized by TLR7 and also raise the question of how cells
distinguish between viral and self RNAs (22). These groups
suggest that self RNAs are subject to degradation by extracel-
lular RNases. Thus, RNAs taken up by phagocytic cells within
the confines of a virus particle are able to activate TLR7,
whereas self RNAs rarely reach the endocytic compartment
where TLR7 resides. The studies described above utilized mice
lacking TLR7; however, genetic complementation experiments
with human TLR7 and TLR8 suggest that TLR8, not TLR7, is

TABLE 1. Viruses detected by Toll-like receptors

Toll-like receptor Virus (molecular target if known)

TLR2........................................MVa (hemagglutinin)
HCMVb

HSV-1c

TLR3........................................MCMVd

TLR4........................................RSVe (F protein)
MMTVf (envelope protein)

TLR7 and TLR8 ....................Influenza A virus (genomic RNA)
HIV-1g (synthetic RNA oligonucleotide

from U5 region of genome)
VSVh

TLR9........................................HSV-1
HSV-2 (genomic DNA)
MCMV

a Measles virus.
b Human cytomegalovirus.
c Herpes simplex virus type 1.
d Murine cytomegalovirus.
e Respiratory syncytial virus.
f Mouse mammary tumor virus.
g Human immunodeficiency virus type 1.
h Vesicular stomatitis virus.
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responsible for the recognition of ssRNA in humans (33).
These authors point out that murine TLR7 expression does not
confer ssRNA responsiveness in their system and may repre-
sent a limitation of their experimental approach, leaving open
the possibility that TLR7 may function in humans in vivo.
However, these data do suggest that TLR7 and TLR8 mediate
a species-specific recognition of ssRNA.

Recognition of envelope glycoproteins. Viral envelope gly-
coproteins are another broad class of molecules that are
emerging as the subject of TLR detection. One common theme
among the viral glycoproteins implicated to date is that they
play critical roles in the binding and/or entry of their respective
viruses. Thus, viral pathogens can be detected at the earliest
stages of infection simply via contact between glycoproteins on
the viral envelope and TLRs on the cell surface, rather than
requiring viral gene expression and/or replication.

Respiratory syncytial virus (RSV) was the first virus demon-
strated to activate a member of the TLR family, eliciting
NF-�B activation and inflammatory cytokine secretion in a
TLR4- and CD14-dependent manner (50). (Although CD14
was initially identified as an LPS receptor, it is now generally
viewed as an enhancer of TLR responses; however, the precise
role that CD14 plays in promoting TLR responses is not well
understood [50].) The fusion (F) protein from RSV was iden-
tified as a viral component that activates TLR4. This observa-
tion is consistent with the notion that viral entry, gene expres-
sion, and replication may not be required for induction of
innate immunity in response to RSV. Furthermore, the impor-
tance of TLR4 activation during RSV infection in vivo was
demonstrated with mice lacking TLR4 (30). TLR4-deficient
mice exhibited lower levels of infiltrating natural killer and
CD14� cells and reduced levels of IL-12 in serum than their
wild-type counterparts. The physiological consequence of
these shortfalls was a reduction in the rate of viral clearance.
Taken together, these studies established that viruses were
subject to the same form of innate sensing as bacterial and
fungal pathogens and that TLR activation by viruses in vivo is
a critical aspect of the overall immune response to viral patho-
gens.

Mouse mammary tumor virus (MMTV) was also shown to
activate TLR4 (66). As was the case for RSV, the viral enve-
lope protein (Env) was shown to be the viral component re-
sponsible for TLR4 activation (66). J. C. Rassa et al. showed
that MMTV Env coimmunoprecipitates with TLR4, providing
the first evidence for a physical interaction between a TLR and
a viral glycoprotein. Furthermore, the physical interaction be-
tween TLR4 and MMTV Env appears to occur via a protein-
protein interaction, since both can be coimmunoprecipitated in
the presence of tunicamycin (66). These authors speculate that
TLR4 activation by Env may have a positive effect on viral
replication by directly activating B cells, allowing an initial
round of viral replication or feedback of TLR4-induced cyto-
kines, which may promote provirus transcription. A recent
study has revealed that MMTV activation of TLR4 on den-
dritic cells enhances expression of its entry receptor, CD71
(14), which suggests that activation of TLR4 by MMTV facil-
itates viral entry in addition to the replication-enhancing ef-
fects described above. This report also showed that TLR2 is
activated by MMTV and that TLR2 responses may contribute
to these processes (14).

Further evidence for a relationship between TLR4 and
MMTV is demonstrated by the observation that wild-type
MMTV is retained in mice expressing functional TLR4 (C3H/
HeN), but in mice expressing a nonfunctional TLR4 (C3H/
HeJ), wild-type MMTV is replaced with a recombinant of
MMTV and the endogenous provirus (Mtv) (41). Secretion of
the immunosuppressive cytokine IL-10 by B cells is responsible
for inhibiting the antiviral response to MMTV and preserves
wild-type MMTV in TLR4-expressing mice. However, B-cell
production of IL-10 is not a direct consequence of TLR4 ac-
tivation; rather, an unidentified TLR4-dependent signal from
dendritic cells and macrophages prompts B cells to secrete
IL-10.

Measles virus (MV), through its hemagglutinin protein, in-
duces NF-�B and inflammatory cytokine secretion via TLR2
(9). In contrast to the wild-type virus, tissue culture-adapted
vaccine strains were not able to stimulate TLR2. This obser-
vation is intriguing because one would predict that an effica-
cious vaccine would be more likely to trigger innate immune
responses than virulent wild-type strains. The resolution to this
apparent contradiction may lie in the observation that the
receptor for wild-type MV, CD150, is up-regulated in human
monocytes upon TLR2 activation. Vaccine MV strains, in con-
trast, utilize CD46 as an entry receptor (9).

Recently, our laboratory demonstrated that human CMV is
able to activate and signal through TLR2 (19). NF-�B is acti-
vated and inflammatory cytokine secretion is induced in a
TLR2-dependent manner in response to CMV. Furthermore,
similar to most TLR2-mediated responses, the response to
CMV is enhanced by the presence of CD14. The observation
that dense bodies (fusion-competent defective particles lacking
capsid and viral DNA but rich in envelope and tegument pro-
teins) trigger responses identical to those of live and UV-
inactivated virions initially suggested that CMV is in the group
of viruses that trigger TLR activation during virus-cell contact
and/or entry. In contrast to paramyxoviruses and retroviruses,
CMV is extremely structurally complex, displaying at least 12
envelope glycoproteins. Soluble forms of envelope glycopro-
tein B (gB) activate NF-�B (80) and IRF3, induce IFN-�
secretion, and render an antiviral state in cells (11, 12, 16, 71).
More recently, we have found that soluble gB also induces
inflammatory cytokine secretion in a TLR2-dependent man-
ner. Furthermore, a direct interaction between gB and at least
one other CMV envelope protein with TLR2 was found, sug-
gesting that multiple glycoproteins from a single virus can
display recognition motifs (M. Guerrero and T. Compton, un-
published data). At this point, it is unclear whether induction
of antiviral responses to CMV is a TLR2-mediated process,
and to date no link has been established between TLR2 and
activation of the IFN pathway.

HSV-1 is another herpesvirus that may activate TLRs via
one of its envelope glycoproteins. Like CMV, HSV-1 elicits
inflammatory cytokine secretion through TLR2; however, the
viral trigger has yet to be defined. HSV-1 has an intimate
relationship with the host immune system, and immunomodu-
lation by TLR2 activation appears to play a prominent role in
HSV-1-associated immunopathology (49). Challenge of adult
TLR2�/� mice with lethal doses of HSV-1 (KOS strain) re-
sulted in lower levels of IL-6 in serum and decreased levels of
monocyte chemotactic protein 1 in the brain compared to
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those of the control mice. Interestingly, virus dissemination
was similar in wild-type and TLR2-null mice, but TLR2�/�

mice were significantly more resistant to lethal HSV-1 chal-
lenge than wild-type mice. This trend was also observed in
neonatal mice. Consistent with the decreases in cytokine levels,
infiltration of mononuclear cells was lower in TLR2�/� mice.
These results suggest that TLR2-mediated cytokine responses
to HSV-1 are responsible for a significant portion of the mor-
bidity and mortality associated with HSV-1 infection. As de-
scribed above, HSV-1 also activates TLR9 (49). Activation of
multiple TLRs by a single pathogen may be advantageous to
the host, as it would allow the immune system to more pre-
cisely identify an invading pathogen and then mount an appro-
priate response. Experiments comparing double- and single-
knockout mice may provide exciting new insights into how
activation of multiple TLRs by a single pathogen is coordi-
nated.

The ability of glycoproteins to stimulate TLRs is intriguing
because they are synthesized within host cells and therefore do
not intuitively harbor modifications or moieties that differ sig-
nificantly from those of the host. It is possible that these pro-
teins possess unique structural conformations and/or clusters
of glycans that host proteins do not assume. It seems highly
likely that some underlying common pattern is displayed that is
particular to the glycoproteins of viruses. Future work will
undoubtedly be aimed at defining the molecular basis of
PAMPs on viral envelope glycoproteins.

FUTURE CONSIDERATIONS

We have only begun to delve into the roles of TLR pattern
recognition receptors in virus infections and host immunity. A
number of important questions await further investigation.
One central question has to do with the ability of the TLR
machinery to broadly recognize viruses. To date, only envel-
oped viruses have been found to be subject to innate immune
surveillance by TLRs. It will be of interest to determine if
pathogen recognition by TLRs extends among other enveloped
viruses and nonenveloped viruses. Dissection of the molecular
basis of virally displayed PAMPs is also fundamental to under-
standing the molecular basis of TLR recognition of viruses. In
the instances of TLR activation in concert with virus entry, we
need to further investigate how entry events such as binding
and fusion are coordinated with innate sensing. Do viral entry
receptors and their associated interactions with envelope gly-
coproteins contribute to or augment TLR activation? How
does TLR activation modulate and promote host immunity,
and what is the relationship of pathogenicity, virulence, and
TLR responses to viruses? How do TLR responses influence
the processes of persistence and latency? The answers to these
questions will shed light on the delicate balance between
pathogen and host and may lead to improved, more efficacious
viral vaccines.
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